This study investigated the ability of the bacterium Acidithiobacillus ferrooxidans to convert CO 2 into organic compounds in batch culture and during electrochemical cultivation. Metabolites secreted into the culture medium were detected and analyzed by HPLC and mass spectroscopy, which revealed that pyruvic acid was one of the organic acids present in both cultures. We found that although pyruvic acid acted as a strong inhibitor for microbial growth in batch cultures, microbial CO 2 fixation activity in electrochemical cultures was not significantly affected by the addition of excess pyruvic acid. Together, these findings indicate that A. ferrooxidans is a promising bioelectrocatalyst for the conversion of CO 2 into extracellular organic compounds.
Introduction
For the conversion of CO 2 into useful chemicals, numerous researchers have attempted to exploit photosynthetic CO 2 fixation by plants, algae, and cyanobacteria. However, in environments isolated from solar irradiation, such as deep sea hydrothermal vents, 1 many microbial species can synthesize sugar, lipids, and amino acids using CO 2 as a sole carbon source. Most such microorganisms are bacteria or archaea that utilize geochemical energy in the form of reduced inorganic compounds, such as Fe 2+ ions. Geological-based studies have estimated that approximately 50% of the biomass in deep seafloor environments is produced by chemoautotrophic CO 2 fixation via Fe 2+ oxidation. 2 To date, however, few studies have considered the biotechnological potential of this microbial process with regard to biofuel production.
Acidithiobacillus ferrooxidans is a chemoautotrophic extremophile that derives energy for growth from the oxidation of Fe 2+ to Fe 3+ under strongly acidic conditions. 35 In contrast to heterotrophic bacteria, A. ferrooxidans cannot grow to high densities in conventional batch cultures due to inhibition from excess Fe 2+ ions and the presence of Fe 3+ precipitates. Thus, the high-density cultivation of A. ferrooxidans requires a continuous supply of Fe 2+ in small concentrations and the removal of Fe 3+ precipitates. Recently, electrochemical cultivation has been proposed as an effective method for yielding high densities of A. ferrooxidans cells. 6 For example, Matsumoto et al. 7, 8 reported that the potential-controlled cultivation of A. ferrooxidans using electrodes with large surface areas effectively generated Fe 2+ and extended the logarithmic growth period, with cell density reaching concentrations comparable to that for heterotrophic bacteria (10 10 cells mL
¹1
). However, the chemical composition of the organic compounds synthesized by A. ferrooxidans in batch cultures and the fraction of the secreted compounds in total fixed carbon during electrochemical cultivation have remained largely uncharacterized.
Here, to evaluate the potential of A. ferrooxidans as a new type of bioelectrocatalyst for efficient CO 2 fixation, we attempted to identify the metabolites produced by this bacterium and determine their function in microbial activity. We first cultivated A. ferrooxidans in both batch culture and electrochemical reactors, and analyzed metabolites using HPLC and mass spectroscopy. In addition, the effects of secreted organic compounds on CO 2 fixation and Fe 2+ oxidation activities were evaluated in the batch and electrochemical cultures, respectively. O, and trace elements) supplemented with ferrous iron (66 mM) as an electron source and incubated aerobically at 30°C with shaking at 150 rpm in Erlenmeyer flask (volume of medium: 150 mL). The pH of solutions was adjusted to 1.8 using 5 M H 2 SO 4 . Electrochemical cultivations of A. ferrooxidans were conducted at 30°C using a conventional Htype reactor, in which platinum (Pt) plates (2.0 cm 2 ) were used as working and counter electrodes, and Ag/AgCl(KCl sat.) served as a reference electrode. The two chambers were divided by proton exchange membrane (Nafion 117), where the volume of electrolyte in each chamber is 50 mL. The cathode chamber was bubbled with air which is the source of N 2 , O 2 , and CO 2 . The cell concentration in the reactor was estimated by optical density at 500 nm (OD 500 ). The concentrations of total organic carbon (TOC) and dissolved organic carbon (DOC) were measured using a Total Organic Carbon Analyzer (TOC-5000A, Shimazu). The chemical composition of DOC was analyzed by HPLC (Agilent 1100 series, Agilent Technologies) and mass spectroscopy (LCMS-2010EV, Shimadzu), where 2,4-dinitrophenyl-hydrazin was used as a detection reagent of organic acids.
Experimental

Results and Discussion
A. ferrooxidans exploits the proton-motive force (PMF) generated by the reduction of O 2 /Fe 2+ redox couple (0.77 V vs. SHE) is more positive than that of NAD(P)/NAD(P)H (¹0.32 V at pH 7), the bacterium is capable of generating NAD(P)H as a source of reductive energy for CO 2 fixation.
3 Figure 2 (A) shows the time course of the TOC and DOC concentrations, and OD 500 of A. ferrooxidans cultivated in batch culture. With increased cultivation time in batch culture, both TOC and OD 500 increased, although the OD 500 began to drop after 100 h. The concentration changes of Fe 2+ and Fe 3+ ions were also evaluated (Fig. 2B) by ferrozine assay, which revealed the concentration of Fe 2+ rapidly decreased over time, demonstrating that the cells fix atmospheric CO 2 using Fe 2+ as a sole reductive energy. The continuous increase in DOC with cultivation time indicates that a large fraction of the total fixed carbon was secreted into the medium.
To examine the effects of secreted compounds on Fe 2+ oxidation and CO 2 fixation activities, we added the supernatant of an eight-day batch culture to a suspension of A. ferrooxidans cells in fresh medium. We found that both the Fe 2+ oxidation and CO 2 fixation activities were largely suppressed following addition of the supernatant (data not shown), indicating that some of the secreted organic compounds act as inhibitors for microbial activity. The chemical composition of metabolites present in the supernatants was analyzed by HPLC and mass spectroscopy, revealing that pyruvic acid was among the secreted organic acids. It has been reported that chemoautotrophic sulfur-oxidizing bacteria, such as Acidithiobacillus thiooxidans, produce and secrete pyruvic acid, which acts as an inhibitor for their growth above threshold concentrations. 9 Thus, we hypothesized that pyruvic acid affects the metabolic activity of A. ferrooxidans. To test this hypothesis, we added different concentrations of pyruvic acid into fresh medium and cultivated A. ferrooxidans cells in batch culture for 240 h. As expected, the complete suppression of Fe 2+ oxidation, as well as cell growth, was observed when the physiologically relevant concentration of pyruvic acid (>50 µM) was added into the batch cultures (Figs. 3A and 3B) .
We also cultivated A. ferrooxidans cells in an electrochemical reactor, consisting of Pt plates as electrodes, and the effects of secreted compounds on microbial metabolic activity were examined. The current vs. time curves for A. ferrooxidans cultivated in the presence of Fe 2+ ions at 0.4 V vs. SHE are shown in Fig. 4 . In the absence of bacteria (broken line, Fig. 4 ), a small current was generated, which was assigned to O 2 reduction by the Pt electrode. However, upon adding cells, the cathodic current largely increased and reached a constant value at approximately ¹1.5 mA cm ¹2 (solid line, Fig. 4 ). The increase in cathodic current is due to the electrochemical reduction of Fe 3+ ions generated by the microbial oxidation of Fe 2+ . In contrast to growth in batch culture electrochemical cultivation of A. ferrooxidans showed continuous increases in TOC and DOC, even after prolonged cultivation of 50 days. During the cultivation period, greater than 60% of the total fixed carbon was secreted into the electrolyte solution (inset, Fig. 4) .
As we identified that pyruvic acid was also present in the electrochemical cultures of A. ferrooxidans by HPLC and mass spectroscopy, the effect of pyruvic acid on the current generation ability of cells was examined (Fig. 5) . The inhibitory effects of pyruvic acid were found to be markedly less prominent for electrochemical cultures compared to those observed for batch (2012) culture experiments. Specifically, the cathodic current derived from the microbial oxidation of Fe 2+ was not significantly suppressed, even after adding 0.5 mM pyruvic acid to the reactor (Fig. 5 ). This observation is intriguing, as the differing degree of inhibitory effects by the microbially generated organic acids between batch and electrochemical cultures may be one reason for the continuous increase in TOC and DOC during electrochemical cultivation (inset, Fig. 4 ). We speculate that organic acids, such as pyruvic acid, diffuse into the cytoplasm of cells, where they subsequently dissociate and acidify the cytoplasm, resulting in loss of the PMF, 911 which is responsible for the uphill ET of approximately 1 eV (see Fig. 1 
